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Longitudinal-field muon-spin-relaxation measurements have revealed inhomogeneous distri-
bution of the internal magnetic field at temperatures above the bulk superconducting (SC)
transition temperature, Tc, in slightly overdoped Bi2Sr2Ca1−xYxCu2O8+δ. The distribution
width of the internal magnetic field, ∆, evolves continuously with decreasing temperature
toward Tc. The origin of the increase in ∆ is discussed in terms of the creation of SC domains
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1. Introduction
One of intriguing concepts in the high-Tc superconductors is the possible formation of
Cooper pairs at temperatures above the bulk superconducting (SC) transition temperature,
Tc. In the high-Tc cuprates, the exchange interaction between Cu spins, J ∼ 1000 K, which
can be related to the pairing interaction, is higher than the energy scale of the pairing in-
teraction in the conventional superconductors.1, 2 In this case, phase-fluctuating supercon-
ductivity is expected to be realized at temperatures above Tc. Both the Nernst coefficient
and the torque magnetometory in La2−xSrxCuO4 (LSCO), Bi2Sr2CuO6+δ, Bi2Sr2CaCu2O8+δ
(BSCCO), YBa2Cu3O7−δ (YBCO) have suggested that the so-called vortex-liquid state takes
place at temperatures far above Tc.3–5 The in-plane resistivity study of the upper critical field
in the overdoped regime of LSCO has revealed that the onset temperature of the SC fluctu-
ation is in excellent agreement with those estimated by the Nernst coefficient and the torque
magnetometory.6 On the other hand, high-frequency conductivity measurements in LSCO,
BSCCO, YBCO, and HgBa2CuO4+δ have revealed that the SC fluctuation is confined to a
narrow temperature-range of 1 - 18 K just above Tc, suggesting that the origin of the en-
hancement of the Nernst signal is different from the SC fluctuation.7–13 Theoretical works
have suggested that the superconductivity develops in a form of small domains at tempera-
tures far above Tc and that the increase in the number of the small SC domains brings about
the bulk SC state owing to percolation or Josephson coupling.14–16
The recent study of the scanning tunneling microscopy (STM) in BSCCO has sug-
gested that pairing gaps tend to nucleate in nanoscale regions at temperatures far above
Tc.17–19 Moreover, both the linear diamagnetic response in the magnetization measurements
in Tl2Ba2CuO6+δ,20, 21 the hysteresis in the low-field magnetization curve in LSCO,22 the en-
hancement of the relaxation rate in the transverse-field (TF) muon-spin-relaxation (µSR) mea-
surements in LSCO and YBCO23 and the result of high-frequency conductivity measurements
in LSCO8–10 have also suggested the presence of small SC domains at temperatures above Tc.
In this paper, we have performed longitudinal-field (LF) µSR measurements in
Bi2Sr2Ca1−xYxCu2O8+δ to detect the small SC domains at temperatures above Tc. If the small
SC domains are developed locally, magnetic fluxes are expelled from the small SC domains
due to the Meissner effect in low magnetic fields, giving rise to spatial inhomogeneity of
the internal magnetic field. The LF-µSR is a potential technique to detect the local inhomo-
geneity of the static internal field through the distribution width of the static internal field at
each muon site, ∆, which is similar to the TF-µSR. We have observed in slightly overdoped
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Bi2Sr2Ca1−xYxCu2O8+δ with x = 0.2 (Tc = 81 K) that ∆ increases with decreasing temper-
ature below 135 K in a low field of 20 Oe. The relation between the increase in ∆ and the
emergence of small SC domains is discussed.
2. Experimental
Polycrystalline samples of Bi2Sr2Ca1−xYxCu2O8+δ with x = 0 and 0.2 were prepared
by the usual solid-state reaction method.24 All samples were checked by the powder x-ray
diffraction measurements to be of the single phase. Electrical-resistivity measurements were
carried out using the four-probe method. Values of Tc, defined at the midpoint of the SC
transition in the electrical resistivity, are 72 K and 81 K for x = 0 and 0.2, respectively.
Zero-field (ZF) and LF-µSR measurements were performed at the RIKEN-RAL Muon
Facility at the Rutherford-Appleton Laboratory in the UK using a pulsed muon beam.25 The
LF was applied along the initial muon polarization. The asymmetry parameter at a time t,
A(t), is given by A(t) = (F(t) - αB(t))/(F(t) + αB(t)), where F(t) and B(t) are total muon
events of the forward and backward counters aligned in the beam line, respectively. The α is
a calibration factor reflecting relative counting efficiencies between the forward and backward
counters. The µSR time spectrum, namely, the time evolution of A(t) was measured down to
40 K to monitor the evolution of small SC domains at high temperatures above Tc.
3. Results
Figure 1 shows the µSR time spectra for Bi2Sr2Ca1−xYxCu2O8+δ with x = 0 and 0.2. In
ZF, the spectra show Gaussian-type slow depolarization at 200 K due to paramagnetic nuclear
spins giving rise to static internal magnetic field with the Gaussian distribution at each muon
site in the µSR time window. The Gaussian-type depolarization is well fitted using the Kubo-
Toyabe function.26 All the spectra show Gaussian-type slow depolarization more or less in
ZF. In LF of 20 Oe, the spectra tend to be decoupled and a weak oscillation is observed at
200 K, which is described by the Kubo-Toyabe function in LF. The internal magnetic field
at each muon site is given by the sum of LF and the nuclear dipole field. In this case, muon
spins precess under respective internal magnetic fields, resulting in the oscillation in the µSR
time spectrum. The oscillation in LF is marked in the bulk SC state below 40 K for x = 0.2
and below 60 K for x = 0 where the superconductivity is confirmed in the electrical-resistivity
measurements.
In order to analyze the LF-µSR time spectra, the following equation has been used,
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A(t) = A0e−λtGZ(∆, HLF, t). (1)
Here, A0 and λ are the initial asymmetry and the dynamical depolarization rate of muon spins,
respectively. The GZ(∆,HLF,t) is the static Kubo-Toyabe function in LF.26 The HLF is LF. The
time spectra are well fitted with Eq. (1), as shown by solid lines in Figs. 1 (c) and (d).
Figure 2 shows the temperature dependence of ∆ and λ for x = 0 and 0.2. In the analysis
of the LF-µSR time spectra, following three conditions were used; (i) Both ∆ and λ were
treated as free parameters, (ii) ∆ was a free parameter and λ = 0, (iii) ∆ was a free parameter
and λ was the averaged value of λ obtained on the condition (i) over the entire temperature
range. On the condition (i), the depolarization of muon spins is due to both dynamical and
static internal magnetic fields at each muon site. On the conditions (ii) and (iii), the dynamical
depolarization of muon spins is neglected and is assumed to be independent of temperature,
respectively. For both samples, in ZF, the temperature dependence of λ is found to be almost
flat, while∆ exhibits a gradual increase with decreasing temperature regardless of the analysis
condition. In LF of 20 Oe, ∆ gradually increases below ∼ 135 K for x = 0.2 and then it rapidly
increases below Tc for both x = 0 and 0.2 regardless of the analysis condition. The λ is almost
independent of temperature and values of λ are smaller in LF than those in ZF.
4. Discussion
It is found in LF of 20 Oe that ∆ gradually increases with decreasing temperature below
∼ 135 K for x = 0.2 and below ∼ 72 K for x = 0, though error bars of ∆ for x = 0.2 are a
little bit large to determine the onset temperature of the increase in ∆, Tµ, precisely. Here, we
discuss the origin of the increasing ∆.
4.1 Effects on ∆ of the Cu-spin correlation, Curie-like paramagnetism, muon diffusion and
voltex-liquid state
First, it is noted that the present results have no relation to the development of the Cu-spin
correlation. In the underdoped regime of LSCO, it has been observed that λ increases and ∆
decreases with decreasing temperature in ZF27–29 and in LF of 20 Oe30 at low temperatures
due to the slowing down of the Cu-spin fluctuation in the µSR time window. Present samples
of Bi2Sr2Ca1−xYxCu2O8+δ with x = 0 and 0.2 exhibit no increase in λ with decreasing tem-
perature and reside in the slightly overdoped regime, where no slowing down of the Cu-spin
fluctuation is observed in the µSR time window in ZF.27 Therefore, the present results are
irrelevant to the development of the Cu-spin correlation.
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Similarly, as a source of the increasing ∆ above the bulk Tc for x = 0.2 in LF of 20 Oe, one
may think possible effects of fluctuating magnetic moments of electrons giving rise to Curie-
like paramagnetism observed in the overdoped cuprates.33, 34 Supposed the increasing∆ above
Tc for x = 0.2 is due to the Curie-like paramagnetism, a similar or more pronounced behavior
must be observed for x = 0, because the Curie-like paramagnetism becomes marked with
increasing hole-concentration in the overdoped regime.33, 34 Apparently, this is not the case
above Tc for x = 0. Therefore, the present results in LF of 20 Oe are irrelevant to fluctuating
magnetic moments of electrons.
As for the thermal diffusion of muons, the damping of ∆ due to the thermal activation
obeys the Arrhenius law,
∆ ∼ exp(EA/kBT ). (2)
Here, EA is the activation energy and kB is the Boltzmann constant. Figure 3 shows the Ar-
rhenius plot of the temperature dependence of ∆ for x = 0 and 0.2. It is found that the ln∆
increases with decreasing temperature and that the slope becomes small gradually below 140
K in ZF, suggesting that muons tend to stop the diffusion in a sample below ∼ 140 K. How-
ever, this contradicts with the gradual increase in ∆ in HLF = 20 Oe for x = 0.2 below 135 K
as shown in Fig. 3 (c). Therefore, this is not the case. It is noted that the quantum diffusion
of muons in the SC state is not related with the present results, because ∆ smoothly develops
around Tc in ZF for x = 0 and 0.2.35
Finally, it is noted that the present results are not related to the vortex-liquid state
above Tc, either,3–5 since vortices fluctuate with the characteristic time of 10−11 s in high-
Tc cuprates,23 which is shorter than the µSR time window, i.e., 10−5 - 10−9 s.
4.2 Possible emergence of superconducting domains above Tc
As shown in Fig. 2, ∆ rapidly increases below Tc in HLF = 20 Oe on field cooling for x =
0 and 0.2, while no rapid increase in ∆ is observed in ZF. For x = 0.2, ∆ gradually increases
below ∼ 135 K. It has theoretically and experimentally been suggested that small SC domains
are locally generated in the CuO2 plane at temperatures far above Tc and that percolation or
Josephson coupling between them induces the bulk SC state at Tc.8, 9, 14–23 Supposed that a
few nanoscale SC domains are developed in the CuO2 plane, magnetic fluxes are expelled
from the nanoscale SC domains due to the Meissner effect. In this case, the internal magnetic
field parallel to the initial muon polarization inside the SC domains decrease and the bend-
ing of the magnetic fluxes generates the internal magnetic field perpendicular to the initial
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muon polarization. Moreover, when the bulk SC state is developed below Tc, the expulsion
of magnetic fluxes becomes strong and some vortices are randomly pinned down at the grain
boundary of the polycrystalline sample on field cooling. In this case, it is expected that the
spatial inhomogeneity of the internal magnetic field parallel and perpendicular to the initial
muon polarization is enhanced. In the present analysis, since HLF is fixed to be 20 Oe, the
decrease in the internal magnetic field parallel to the initial muon polarization as well as the
increase in the internal magnetic field perpendicular to the initial muon polarization could
contribute to the enhancement of ∆. In high-Tc cuprates, the typical value of the penetration
depth is in a micrometer scale. Since SC domains are three orders of magnitude smaller in
size than the penetration depth, the decrease in the internal magnetic field parallel to the ini-
tial muon polarization is negligibly small. Quantitatively speaking, the transverse muon spin
relaxation rate, σ, can approximate to the following equation,36
σ ∼ 3.4 × 104(λ−2SC)(1 − (HLF/Hc2)). (3)
Here, λSC is the penetration depth and Hc2 is the upper critical field. Assuming λSC ∼ 1 µm
and HLF ≪ Hc2, σ is ∼ 0.034 µsec−1 in the weak limit of magnetic field. On the other hand,
the effective λSC would increase with increasing temperature, especially, in the vicinity of the
onset temperature of superconductivity. In addition, not only the suppression of the magnetic
field component perpendicular to the initial muon polarization due to the bending of mag-
netic fluxes around SC domains but also the motional narrowing caused by the vortex motion
reduces σ. If the present results are related to the emergence of SC domains above Tc, it
may be the case that the increasing number of SC domains results in the overlap between SC
domains, leading to the increase in ∆ in LF. In this case, one may expect to detect the devel-
opment of SC domains from the Meissner diamagnetism, because the size of overlapped SC
domains could be comparable to λSC. From the χ measurement for x = 0.2, however, no clear
development of the Meissner diamagnetism was observed below Tµ, although the thermal
hysteresis of χ observed below 180 K, probably relating to the opening of the psuedogap,37, 38
might make the onset of the Meissner diamagnetism unclear below Tµ.39
In Fig. 4, Tµ is plotted as a function of the hole concentration, p, together with Tc.24
The onset temperature of the inhomogeneous superconductivity obtained by STM, TcSTM, in
Bi2Sr2CaCu2O8+δ are also plotted.17 The p value has been determined using the empirical
relation between Tc and p in the high-Tc cuprates.40 The value of Tµ is 135 ± 19 K far above
Tc at p = 0.19 (x = 0.2), while it is ∼ 72 K, namely, around Tc at p = 0.21 (x = 0). These values
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of Tµ are found to roughly coincide with TcSTM values in the overdoped regime. Although the
relatively large error of ∆ prevent one from obtaining the exact value of Tµ, the development
of small SC domains may be one possible explanation for the increasing ∆ above Tc. Since
the quantitative understanding of the possible creation of small SC domains below Tµ has not
yet been obtained, further experiments using different methods are necessary to understand
the origin of the gradual increase in ∆ above Tc.
5. Summary
We have performed LF-µSR measurements in Bi2Sr2Ca1−xYxCu2O8+δ to detect possi-
ble small SC domains at temperatures above Tc suggested theoretically and experimen-
tally.8, 9, 14–23 Regardless of the analysis condition, a gradual increase in the distribution width
of the static internal field at each muon site has been observed at temperatures above Tc for x
= 0.2. This gradual increase in ∆ at temperatures above Tc could not be understood to be due
to the development of Cu-spin correlation, Curie-like paramagnetism, diffusion of muons nor
voltex motions. For the scenario of the emergence of nanoscale SC domains above Tc, a rough
quantitative estimation of ∆ shows that the increase in∆ corresponds to the increasing number
of SC domains in which the overlap between SC domains takes place. Although Tµ has been
found to roughly coincide with TcSTM in the overdoped regime, further measurements with
higher precision are necessary to conclude the possible development of SC domains above
Tc.
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Fig. 1. (a), (b) Zero-field and (c), (d) longitudinal-field µSR time spectra of Bi2Sr2Ca1−xYxCu2O8+δ with x
= 0.2 and 0 at various temperatures from 200 K down to 40 K. Solid lines indicate the best-fit results using
A(t) = A0e−λtGZ(∆, HLF, t).
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time spectra with the equation A(t) = A0e−λtGZ(∆, HLF, t). The inset of (d) is the overall view of (d). Black
circles indicate the case that both ∆ and λ were free parameters. Blue squares indicate the case that ∆ was a free
parameter and λ = 0. Red triangles indicate the case that ∆ was a free parameter and λ was the averaged value
of λ, obtained on the condition that both ∆ and λ were free parameters over the entire temperature range. The
onset temperature of the increase in ∆ with decreasing temperature, Tµ, and Tc, defined at the midpoint of the
superconducting transition in the electrical resistivity, are indicated by arrows.
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Fig. 3. Arrhenius plot of the temperature dependence of the distribution width of the static internal field at
each muon site, ∆, in zero field for (a) x = 0.2 and (b) x = 0 and in HLF = 20 Oe for (c) x = 0.2 and (d) x = 0.
Black circles, blue squares, and red triangles correspond to ∆ estimated on the analysis conditions shown in the
caption of Fig. 2.
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Fig. 4. The hole-concentration, p, dependence of the onset temperature of the rapid increase in ∆ with de-
creasing temperature in LF of 20 Oe, Tµ, (red cricles), and the bulk superconducting transition temperature, Tc,
(black diamonds).24 The error bar of Tµ has been determined from the temperature dependence of ∆ shown in
Fig. 2(b) and (d). The error bar of Tc has been estimated from the onset of the superconducting transition in
the electrical resistivity. The onset temperature of the inhomogeneous superconductivity obtaine by the scan-
ning tunneling microscope, TcSTM, (open squares) in Bi2Sr2CaCu2O8+δ is also plotted.17 The p value has been
determined using the empirical relation between Tc and p in the high-Tc cuprates.40 Lines are guide for eyes.
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